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INTRODUCTION 


The military requirements of the mi d- 1960 's placed heavy emphasis on 
fighter aircraft capable of achieving high maneuver load factors for air-to- 
air combat at high subsonic speeds. This emphasis created a need for basic 
research to reduce the drag and buffeting associated with the shock-induced 
boundary layer separation of the wing flow at high maneuvering lift coeffi- 
cients. Although twist, camber, and sweep had been demonstrated to improve 
the wing flow characteristics, these design methods alone were not sufficient 
to solve the basic supercritical flow phenomenon. Research initiated by 
Richard T. Whitcomb at the NASA Langley Research Center in early 1964 led to 
the development of the NASA supercritical airfoil and demonstrated that high 
subsonic speed flight could be efficient (refs. 1 to 4). Research was then 
undertaken to extend the application of supercritical technology to maneuver- 
ing fighter aircraft. 

Following these exploratory investigations, NASA, in cooperation with 
the General Dynamics Corporation, initiated wind-tunnel tests to demonstrate 
the aerodynamic advantages in aircraft maneuverability that could be real- 
ized through the application of supercritical airfoil technology to the 
F-111 airplane. This paper traces the history of these supercritical airfoil 
developments, with emphasis on the application to maneuvering aerodynamics. 



The paper also addresses the specific design approach taken in the develop- 
ment of the supercritical wing for the transonic aircraft technology (TACT) 
airplane. 


SYMBOLS 


The results presented herein are for the stability-axis system. The mo- 
ment reference center was located along the fuselage reference line at a 
point corresponding to 0.45 c for a wing sweep angle of 16°. All coefficients 
are based on the geometry of the wing with a leading-edge sweep of 16°. 

A common reference area and wingspan were used for all data; the reference 
area and wingspan used are those of the F-lllA airplane for 16° of leading- 
edge sweep. Transition trips were located on the wing surfaces using the 
methods described in reference 5 in an attempt to scale the flight boundary 
layer characteristics. 

b wing reference span, 1920.2 cm (756 in.) 


Cp drag coefficient, 

lift coefficient, 

C. buffet onset lift coefficient 

^b 

Pitching moment 
qSc 


C pitching-moment coefficient, 

m 


thrust coefficient. 


Thrust 

qS 


c reference mean aerodynamic chord, 275.6 cm (108.5 in.) 

e aerodynamic efficiency factor 

L/0 lift-to-drag ratio 

M Mach number 

M(L/D) aerodynamic cruise range factor 

Pg specific excess power, m/sec 

2 2 

q free stream dynamic pressure, N/m (Ib/ft ) 

2 2 

S reference wing area, 48.8 m (525 ft ) 
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t/c wing section thickness ratio 

a angle of attack referred to wing manufacturing chord plane, deg 

6^^ flap rotation, deg, positive trailing edge down 

6^^ flap track rotation, deg, positive trailing edge down 

horizontal tail deflection, deg, positive trailing edge down 

spoiler deflection, deg, positive trailing edge up 

A leading-edge sweep of outboard wing panel, deg 

\ taper ratio 

Subscripts: 

dd drag divergence 

max maximum 


EXPLORATORY STUDIES 


Slotted Airfoil 

Whitcomb's research in 1964, which was directed toward improving the 
aerodynamic efficiency of wings through the use of slotted supercritical air- 
foils (ref. 1), showed promising results for cruise flight near sonic speeds. 
The success of this research generated an experimental wind-tunnel program in 
early 1966 to test an approximation of the NASA slotted supercritical airfoil, 
which was installed on a model of the F-111 airplane to improve cruise perfor- 
mance. This approximation was obtained by modifying the F-111 high-lift sys- 
tem as shown in figure 1. Various airfoil shapes were obtained by rotating 
and extending the trail ing-edge flaps to provide the desired rear camber, de- 
flecting the spoiler to provide an upper surface slot, and positioning the 
flap vane and air director door to provide the desired slot geometry. Tests 
were conducted in the Langley 8-Foot Transonic Pressure Tunnel with a 1/15- 
scale model of the F-111 airplane. The results of these tests are documented 
in reference 6 and indicated that because of existing wing high- lift features, 
the full potential of the supercritical airfoil concept could not be realized. 
The increased wetted area of the slot and the severe aerodynamic obstructions 
of the flap tracks caused a subcritical drag level for the slotted configura- 
tion which was significantly higher than for the basic wing (fig. 2). At 
the selected design condition (M = 0.80 and C|^ = 0.5), the drag levels for 

the two configurations were essentially the same. However, the subcritical 
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drag increment between the basic and slotted-flap configurations would be 
decreased if the wind-tunnel data were extrapolated to full-scale conditions 
because of the much lower effective Reynolds number on the flap at the model 
test conditions. Further reductions in this drag increment could have been 
realized by aerodynamic improvements to the flap track system on the airplane. 
Although the use of the slotted flaps did not improve the aerodynamic range 
factor (M(L/D)) at the design point, the data in figure 3 show that it im- 
proved the lift-to-drag ratio for the higher lift coefficients. These drag 
improvements were the result of a delay in shock-induced separation for the 
slotted-flap configuration. 

The cruise drag characteristics for the model with unslotted flaps and 
4° and 8° of simple flap rotation, that is, rotation about the center of cur- 
vature of the flap upper surface, are also summarized in figure 2. The un- 
slotted flaps were not tested at Mach numbers higher than 0.79, so no compar- 
ison can be made with the basic wing or slotted flaps at the design point 
(M = 0.80 and C|^ = 0.5). The data obtained with the 4° unslotted flap at 

M = 0.79 (fig. 3) do, however, indicate an improvement as compared with the 
basic configuration. The unslotted flaps also provided significant improve- 
ments over the basic configuration at higher lift coefficients. The data in 
reference 5 indicate that these trends existed throughout the Mach number 
range for which the data were obtained. 

The pitching-moment characteristics for the basic wing, slotted flap, 
and rotated flap configurations at a Mach number of 0.79 are also presented 
in figure 3. As would be expected, the slotted flap resulted in a more neg- 
ative pitching moment than the basic airfoil because of the more rearward 
center-of-pressure location on the wing. Of more significance, however, was 
the substantial increase in usable lift coefficient (delay in pitchup) at a 
Mach number of 0.79 for the slotted flap configuration as compared with the 
basic configuration. The trends were generally the same for the model with 
unslotted flaps, although the indicated increase in usable lift coefficient 
was not as large as for the model with the 4° slotted flap. The data included 
in reference 6 show that these trends were generally the same throughout the 
Mach number range of the tests. 


Integral Airfoil 

Although the results obtained by Whitcomb for the slotted two-dimensional 
airfoil and its application to airplane configurations showed significant 
improvements in the drag-divergence characteristics, manufacturing wings with 
the necessary slot geometry and tolerance is difficult from a practical stand- 
point. After the results described above were obtained for the unslotted 
F-111 flap configurations, two-dimensional wind-tunnel research was initiated 
which led in late 1966 to the development of the integral supercritical air- 
foil (ref. 2). 

In mid- 1967, NASA initiated an exploratory program to investigate the 
three-dimensional aerodynamic characteristics of a fighter airplane model 
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that incorporated the integral supercritical airfoil. At this point in the 
development of the NASA supercritical airfoil, a very generous leading-edge 
radius was desired to permit the proper development of supercritical flow 
for high drag-divergence Mach numbers. Because of this large leading-edge 
radius, a variable-wing-sweep model (fig. 4) was chosen which allowed the 
wing leading edge to be swept behind the Mach lines for more efficient oper- 
ation at supersonic speeds. The F-111 configuration represented the only 
variable-sweep airplane in the inventory at that time. 

Design . - The fundamental objective of this research effort was to eval- 
uate the potential of the supercritical airfoil for improving fighter air- 
craft maneuver performance. To eliminate as many variables as possible, a 
direct airfoil substitution was made. Two sets of 1/24-scale model wing panels, 
identical in planform and thickness to the F-111 wing, were constructed, one 
set incorporating the supercritical airfoil and the other incorporating a con- 
ventional NACA 64A-series airfoil with 0.40 camber (fig. 5). Both wings had 
6® of linear twist (washout), as compared with 4° of linear twist for the F- 
111 wing, to improve the span load distribution for the high-lift maneuver 
conditions at the higher Mach numbers and to reduce the more negative pitching 
moments of the supercritical wing. The wing incorporating the 64A-4XX airfoil 
was investigated because this airfoil represented the design camber being con- 
sidered by the aerospace industry at that time to meet the requirements for 
fighter airplanes (ref. 7). Figure 5 also shows the cross sections of the 
supercritical wing with flap rotations of 5°, 10°, and -5°. These flap de- 
flections represent a 20-percent chord simple flap. The negative flap de- 
flection was tested because it reduced the rear camber slopes for the high- 
sweep supersonic flight configurations where strong shock interactions might 
exist. A comprehensive description of this research, which was completed in 
1968, is given in reference 8; therefore, it is only summarized briefly in 
this paper. 

Drag characteristics . - The untrimmed lift-drag polars for the NACA 64A- 
2XX (basic F-111), 64A-4XX, and the supercritical wing with 0° and 5° of flap 
rotation at a Mach number of 0.85 and a wing leading-edge sweep of 26 are 
presented in figure 6. These data show the substantial reductions in drag 
at the moderate and high lift ranges which were achieved with the supercrit- 
ical airfoil. The results obtained for the conventional wing with 0.40 cam- 
ber did show some reduction in drag over the wing with 0.20 camber at lift 
coefficients above 0.60. Similar gains were noted for the supercritical wing 
with 5° of flap rotation, which was essentially an increase in camber. The 
corresponding lift and moment characteristics, also shown in figure 6, indi- 
cated no adverse trim problems for the supercritical wing. The values of the 
lift-curve slope for the supercritical wing are high, the result of an in- 
creasing rearward movement of the shock wave with angle of attack. When the 
shock wave reached its rearmost position, the C|^ values were nearly the same 

'~a 

as those for the conventional NACA 64A-series airfoils (C|^ > 0.60). 

The trimmed maneuver drag characteristics are summarized in figure 7, 
where the drag coefficient is plotted as a function of Mach number for a wing 
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sweep of 26® and a lift coefficient of 0.90. These data showed reductions in 
Cp of about 0.20 to 0.30 through the Mach number range for the conventional 

wing with 0.40 camber below the values obtained for the wing with 0.20 
camber. Also shown in this figure is a data point obtained for the 0.20 
cambered wing with a simple flap rotation of 8®. This point was included to 
illustrate the fact that simple flaps can provide drag reductions similar to 
the higher design camber wings without off-design penalties. It should be 
noted, however, that these drag reductions may not be realized at higher 
Mach numbers, where the shock wave moves rearward to the wing flap juncture. 
The data obtained for the supercritical wing with 0® of flap rotation show 
reductions in Cp of approximately 0.03 to 0.07, as compared with the conven- 
tional wing (0.20 camber) through the Mach number range from 0.75 to 0.91. 
Although no subsonic data are included herein for wing sweeps greater than 
26®, similar results were obtained for leading-edge sweep angles of 33® and 
39®. The data obtained for the supercritical wing with 5® of flap rotation 
further reduced the drag levels throughout the Mach number range. Increas- 
ing the flap rotation of the supercritical wing to 10° resulted in the 
lowest subsonic drag levels (M S 0.75) for the supercritical wings. Also 
included in this figure is the ideal drag level for an aerodynamic efficiency 
of 1.00. This indicates the minimum subsonic (M = 0.70) drag levels 
achievable. 

Figure 8 is similar to figure 7 except that these data are summarized 
for a lift coefficient of 0.50. The significant point is the 0.10 delay in 
drag-divergence Mach number for the supercritical wing (5^^ =0®) over that 

obtained for the wings with the NACA 64A-series airfoils. The 5® flap de- 
flection data presented in this figure indicated a small penalty at the 
flaps-up cruise Mach number or a reduction in cruise Mach number of about 
0 . 01 . 


Buffet characteristics . - The buffet onset lift coefficients for the 
various wings as determined from fluctuating wing-root bending-moment data 
are summarized in figure 9. Following the trends of the previously dis- 
cussed characteristics, the 0.40 cambered wing buffet characteristics were 
somewhat better than those of the basic 0.20 cambered wing and about the 
same as those obtained for the 0.20 cambered wing with 8® of simple flap ro- 
tation. The higher buffet onset lift coefficient for the wing with 0.40 cam- 
ber than for the 0.20 camber at the higher Mach numbers is the result of in- 
creased twist and is not a camber effect. The supercritical wing with 0® of 
flap deflection showed buffet onset lift coefficients 40 to 50 percent higher 
than those obtained for the 0.40 cambered wing in the Mach number range from 
0.80 to 0.91. Instrumentation limitations precluded the determination of 
buffet onset for the supercritical wing with 5® of flap rotation. However, 
maximum lift coefficients achieved for that configuration were higher than 
those obtained with 0° of flap deflection throughout the Mach number range. 

At Mach numbers below 0.75, 10® flaps were used for the supercritical wing 
to correspond to the drag results in figure 7. The wing with 0.40 camber 
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showed somewhat better buffet onset characteristics than either the 0.20 cam- 
bered wing or the supercritical wing in the Mach number range from 0.60 to 


0.72. 


Supersonic characteristics . - Limited supersonic data were obtained up 
to a Mach number of 2.50 for the three wings with a leading-edge sweep of 
72.5°. The results obtained for M = 1.20 and 2.16 are shown in figures 
10(a) and 10(b). Because of the close proximity of the wing and horizontal 
tail in the wing chord plane at high angles of sweep, there is considerable 
wing-tail interference. To accurately assess the wing alone, the supersonic 
data (A = 72.5°) are presented for the model with the horizontal tail off. 
The longitudinal aerodynamic characteristics obtained for a Mach number of 
1.20 are presented in figure 10 and indicated no adverse effects for the 
supercritical wing as compared with the wing with the 64A-series airfoil and 
0.20 camber. The 0.40 cambered wing had somewhat better drag character- 
istics at moderate lift coefficients than either the 0.20 cambered wing or 
the supercritical wing. At the higher supersonic Mach number of 2.16, the 
0.20 and 0.40 cambered wings had almost identical untrimmed characteristics 
and the supercritical wing had slightly higher drag throughout the lift 
coefficient range for which data were obtained. The more positive values of 
pitching-moment coefficient associated with the rear camber supercritical 
wing indicate less trim penalty than for either the 0.20 or 0.40 cambered 
wings. The supercritical wing data are presented for a flap rotation of -5° 
to reduce the trai ling-edge camber and thus reduce the drag penalties which 
might be incurred at supersonic speeds, where the Mach angle approaches the 
trai ling-edge sweep angle. 


DEVELOPMENT OF TRANSONIC AIRCRAFT TECHNOLOGY WING 


Planform Selection 

Objectives . - On the basis of the preceding exploratory three-dimensional 
investigation, NASA and the General Dynamics Corporation initiated a wind- 
tunnel program to demonstrate the aerodynamic advantages in aircraft maneuver- 
ability that could be realized through the application of supercritical 
airfoil technology to the F-111 airplane. In anticipation of an eventual 
full-scale flight validation of the wind-tunnel results, program objectives 
and design constraints were established that insured a practical design. 

The objectives of the program were to improve the transonic maneuverability 
and cruise Mach number of the F-111 airplane without degrading its cruise 
efficiency, sea level dash capability, supersonic performance, or low speed 
characteristics. The specific flight conditions established for this effort 
are shown in figure 11(a). In general, the design constraints (fig. 11(b)) 
limited major airframe modifications to the outboard wing panels and the 
overwing fairing rearward of the crew capsule. The new wing was to represent 
a practical wet-wing configuration with a high-lift system capable of satis- 
fying the landing and takeoff requirements. A further requirement was that 
any new wing remain within the structural and physical limits of the exist- 
ing wing pivot and carrythrough structure. As indicated in figure 11(b), 
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extensions of the wing chord forward of those for the basic F-111 wing were 
limited by stability requirements, whereas rearward chord extensions and 
maximum wing- sweep angles were restricted by the horizontal tail and fuse- 
lage structure. Wingspan and area variations were constrained by the wing 
pivot and carrythrough structure. 

Within these constraints, three wing planforms, each consisting of 
supercritical and conventional 64A-4XX-series airfoils, were designed and 
fabricated for tests in the Langley 8-Foot Transonic Pressure Tunnel. These 
wings, shown in figure 12, were referred to as planforms A, B, and C and 
provided a matrix of aspect ratio (span), area, taper ratio, and airfoil 
data for selecting the wing which best met the design objectives and con- 
straints. 

Tradeoffs . - An analysis of the high subsonic speed stability, control, 
and performance characteristics of the model with supercritical and conven- 
tional airfoils for each of the three planforms was used to select one wing 
for further testing. Although many factors were considered in this process, 
the actual selection can be readily ascertained from the data in figure 13. 
This figure summarizes maneuver performance in terms of specific excess 
power, Pg, and aerodynamic range factor, M(L/D), as a function of wing semi- 
span (planform shape). As would be expected, the wing with the largest area 
and lowest aspect ratio (planform A) provided the greatest maneuver capabil- 
ity and the poorest cruise capability. In contrast, planform C, which had 
the highest aspect ratio and smallest area, provided the greatest cruise per- 
formance and the poorest maneuver performance. The data obtained for plan- 
form B were considered to be a satisfactory compromise between maneuver and 
cruise performance, and therefore planform B was selected for further test- 
ing. This configuration was approved for full-scale flight evaluation in 
the joint NASA/Air Force TACT program in 1969. 

The Langley wind-tunnel test phase of the TACT program consisted of 
approximately 1774 hours of wind-tunnel testing, slightly more than 1300 
hours of which were in the 8-Foot Transonic Pressure Tunnel. The first 
results from these tests are reported in reference 9. Although a discussion 
of all the variables tested is beyond the scope of this paper, they included 
variations in wing twist, incidence, and trai ling-edge and tip geometry; 
fuselage, nacelle, and inlet modifications; and external stores. Most of 
these variables were investigated in an attempt to provide a better aerody- 
namic match between the existing F-111 airframe and the higher subsonic 
speed capability afforded by the supercritical wing. The remainder of this 
paper addresses only the pertinent cruise and maneuver characteristics of 
the selected planform (planform B). 


Wing Characteristics 

The final Langley wind-tunnel tests in the development of the TACT 
configuration consisted primarily of evaluating small refinements of wing 
twist and camber to increase the aerodynamic cruise range factor, M(L/D), 
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and reduce the maneuver drag. The final wing configuration is shown in 
figure 14(a), where it is compared with the basic F-111 geometry. The wing 
area was increased from 48.8 square meters (525 square feet) to 56.1 square 
meters (603.9 square feet), and aspect ratio was reduced from 8.56 at a wing- 
sweep position of 16® to 5.83 to improve the maneuver characteristics. The 
wing twist was increased from 4° for the F-111 configuration to 7.5° to ac- 
commodate the higher design Mach number and lift coefficient of the TACT wing. 
The average thickness-to-chord ratio for the TACT wing was lower than that 
for the F-111 wing (0.074 as compared with 0.105). This was a direct result 
of maintaining the F-111 wing box physical depth dimensions for compatibility 
with the wing pivot while increasing the chord to increase wing area. This 
reduced thickness was also advantageous in terms of drag at the higher sub- 
sonic speeds. The increased chord for the TACT wing also limited the maxi- 
mum wing sweep to 58°, as compared with 72.5° for the F-111 configuration. 

The photograph in figure 14(b) shows the 1/24-scale model of the final TACT 
configuration. 

Drag divergence . - The drag-divergence characteristics for the F-111 and 
TACT configurations are presented in figure 15 for a wing leading-edge sweep 
of 26°. At all lift coefficients, but particularly at lift coefficients of 
0.50 and above, the TACT configuration exhibited an increased drag-divergence 
Mach number which improved both cruise and maneuver potential. The expected 
cruise lift coefficient based on a common reference area of 48.8 square meters 
(525 square feet) (the basic F-111 reference area) is identified as a refer- 
ence point; it indicates an increase of approximately 0.12 in drag-divergence 
Mach number for the TACT configuration. The rapidly decreasing increment in 
drag divergence for the supercritical wing at lift coefficients below 0.30 
can be attributed to lower-surface wing flow separation caused by the in- 
creased twist and rear camber. 

Cruise performance . - The cruise characteristics of the two configura- 
tions are summarized in figure 16, where the cruise drag and aerodynamic 
range factor are presented as a function of Mach number. The previously 
noted drag-divergence gain is also apparent in this figure. The significant 
points are the M = 0.88 indicated drag divergence for the TACT configuration 
(fig. 16(a)) and substantial drag creep (AC^ = 0.0045) before drag divergence. 

Although some of this drag creep can be attributed to the geometry of the 

F-111 configuration, most of it results from the supercritical airfoil, which 
was designed to provide a high drag-divergence Mach number. Refinements of 
supercritical airfoil technology since the initiation of the TACT program have 
essentially eliminated this drag creep. The data in figure 16(b) indicate 
that even though drag creep is substantial, the cruise aerodynamic range fac- 
tor, M(L/D), for the TACT configuration is about 6 percent higher than that 
for the basic configuration. As stated previously, maintaining F-111 cruise 
capability was one of the objectives of the TACT development program. 

The lower surface of the supercritical airfoil was designed to match 
Mach number with lift requirements. As a result, a large pressure gradient 

existed over the rear portion of the lower surface of the airfoil. Because 
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of this design characteristic, the aerospace community expressed concern about 
the effect of externally carried stores on the performance of aircraft with 
supercritical wings. Therefore, two store configurations were investigated 
in the TACT wind-tunnel tests. These configurations, shown in figure 17(a), 
were selected to provide data for representative stores that were aerodynam- 
ical ly clean (2271-liter (600-gallon) fuel tanks) and dirty (M-117 bombs). 
These store tests were conducted for an inboard pivoting pylon location only 
(fig. 17(b)). The incremental drag data indicate no significant adverse 
effects on the drag-divergence Mach number (fig. 16(a)). The only basis for 
comparing the incremental drag values for the TACT and F-111 configurations 
was the two data points obtained for M-117 bombs on a 1/24-scale model of 
the F-111 configuration with its reference area adjusted to 48.8 square 
meters (525 square feet). Although these data were obtained from unrelated 
wind-tunnel tests, they indicate comparable values for the conditions at 
which data were obtained. It was concluded from these tests that the drag 
penalties incurred with standard pylon-mounted external stores on supercrit- 
ical wings are essentially the same as for conventional wings. Reduced 
spacing between the stores and wings (pylon height) was not investigated. 

Maneuverability . - The lift-drag polar for the design maneuver Mach 
number of 0.90 is presented in figure 18. The drag reduction resulting from 
a delay in shock- induced separation for the supercritical wing can be seen by 
comparing the polars for the F-111 and TACT configurations at a wing leading- 
edge sweep of 26°. The significance of this improvement is illustrated by 
the increment at the maximum thrust level, Cj , of the F-111 airplane with 

max 

TF30-P100 engines for M = 0.90 and an altitude of 3048 meters (10,000 feet). 
The increment shows a reduction in drag for the TACT configuration of about 
46 percent, or an increase in usable lift of about 50 percent as compared 
with the F-111 configuration. These improvements can be directly related to 
maneuverability by expressing them in terms of constant altitude turn capa- 
bility. The TACT configuration would have a turn radius of 1713 meters 
(5620 feet) as compared with the F-111 turn radius of 2183 meters (7165 feet). 
This increased capability may be converted into a 1829-meter (6000- foot) al- 
titude gain in a 180° turn at the F-lllF sustained load factor of 4.2 g's. 

Buffet boundary . - An indication of the buffet onset characteristics 
associated with the above aerodynamics was obtained from fluctuating wing 
root bending moments (fig. 19). Although buffet data obtained from fluctu- 
ating wing root bending moment characteristics are subject to interpretation, 
the results shown were obtained in a consistent manner. Therefore the in- 
cremental values between the F-111 and TACT configurations should be valid. 
Wind-tunnel data for the F-111 configuration are presented for wing-sweep 
angles of 26°, 35°, and 45° to indicate the favorable effect of increased 
sweep on buffet onset lift coefficients for conventional airfoils. This 
figure indicates that a wing leading-edge sweep of 45° provides the highest 
buffet-free lift coefficient above Mach 0.85 for the F-111 configuration. 
However, this wing sweep would also produce the greatest static margin and 
would therefore incur a much greater trim drag penalty than the lower wing- 
sweep angles. In contrast, variations in the wing sweep of the TACT wing. 
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which was designed for efficient supercritical operation, cause only small 
differences in buffet onset at lift coefficients greater than the TACT ma- 
neuver design point. As a result of the TACT maneuver design Mach number, 
the predicted buffet onset for the TACT configuration was about 100 percent 
higher than the F-111 configuration. 

Transonic acceleration . - As discussed in the section pertaining to the 
planform selection, maximum wing-sweep angle was limited by the wing chord 
extension and the fuselage-empennage structure. For the TACT configuration, 
this maximum leading-edge sweep was restricted to 58°. This restriction, 
combined with the relatively high camber requirements for obtaining good 
transonic maneuver performance, resulted in the possibility of the aircraft 
drag characteristics being degraded at very low lift coefficients and tran- 
sonic speeds. However, the reduction in wing thickness-to-chord ratio com- 
bined with a somewhat improved normal cross-sectional area distribution for 
the TACT configuration actually improved the aircraft's drag characteristics 
at Mach numbers below about 1.05 (fig. 20). The data in figure 20 are for 
the maximum wing sweep of each configuration and are untrimmed (6j^ = 0°). 

The actual trim requirements for this condition, however, are small, and 
would not change the conclusions. 

Supersonic performance . - At the higher supersonic speeds and lower 
lift coefficients, where there is a potential for strong interactions between 
the wing trailing shock and the high wing camber, the TACT configuration 
suffers a basic (untrimmed) drag penalty with A = 58° as compared with the 
F-111 aircraft with A = 7.25° (fig. 21). Although this drag penalty does 
exist, the improved drag-due-to-lift characteristics and less positive zero 
lift pitching moment associated with the less highly swept supercritical wing 
of the TACT configuration resulted in predicted trimmed supersonic drag (C^^ = 

0.15) only 3 percent higher than that for the F-111 configuration. As pointed 
out previously, this camber drag could be substantially reduced or elim- 
inated by rotating the trailing edge upward (reducing the camber). 

Although 58° was determined to be the maximum sweep angle for the TACT 
airplane without performing major airframe modifications, it was desirable 
to assess the supersonic drag characteristics of the configuration at wing- 
sweep angles more comparable to those of the F-111 aircraft. Data were 
therefore obtained for 65° of leading-edge sweep (the maximum sweep capabili- 
ty of the 1/24-scale model). These data, shown in figure 21, indicate the 
same basic lift-drag trends as for 58° of sweep. However, the trimmed 
supersonic drag values are about 2 percent lower than those for the more 
highly swept wing (A = 72.5°) of the F-111 aircraft. 


CONCLUDING REMARKS 


The military requirements of the mid-1960's brought about an emphasis 
on maneuverability as a design objective for the emerging fighter aircraft. 
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Although the use of twist, camber, and sweep had been demonstrated to im- 
prove wing flow characteristics, these methods alone were not sufficient to 
resolve the basic supercritical flow phenomenon. Research initiated by 
Richard T. Whitcomb at the NASA Langley Research Center in early 1964 led to 
the development of the NASA slotted supercritical airfoil and a demonstration 
that high subsonic speed flight could be efficient. Research was then ini- 
tiated to apply supercritical technology to maneuvering fighter aircraft. 

Exploratory wind-tunnel studies using an F-111 model with the existing 
flap system modified to approximate the slotted supercritical airfoil proved 
to be unsatisfactory. Existing wing high-lift features resulted in subcriti- 
cal drag levels which were significantly higher than those of the basic F-111 
model and offset the improved drag-divergence characteristics at the design 
point. Closing the slot eliminated the subcritical drag penalty and improved 
cruise performance, which led to the development of an integral or unslotted 
supercritical airfoil. The initial application of this airfoil to a 1/24- 
scale variable-sweep model of the F-111 airplane significantly improved the 
model's drag-divergence Mach number, maneuver drag, and buffet onset charac- 
teristics. No significant penalties at supersonic speeds were indicated. 

After these tests, cooperative NASA/General Dynamics wind-tunnel tests 
were initiated to demonstrate the advantages in aircraft maneuverability that 
could be realized through the application of supercritical airfoil technology 
to the F-111 airplane. Several wing planforms were investigated to provide 
the optimum tradeoff between maneuver and cruise performance. One planform 
was selected for further testing and was approved for full-scale flight vali- 
dation in a joint NASA/Air Force transonic aircraft technology (TACT) program 
in 1969. Wind-tunnel tests indicated that relative to the basic F-111 con- 
figuration the TACT configuration resulted in an increase in drag-divergence 
Mach number of 0.12, an increase in aerodynamic cruise range efficiency of 
6 percent, external store effects which were nearly identical, an increase in 
the maneuver lift coefficient of 50 percent at maximum power, a 46-percent 
reduction in maneuver drag at maximum thrust, a 100-percent increase in the 
buffet onset lift coefficient, transonic drag characteristics which were 
nearly identical for the wing sweep angles investigated, and trimmed super- 
sonic drag levels which were about 3 percent higher for 58° of wing leading- 
edge sweep and about 2 percent lower for 65° of leading-edge sweep. 


Dryden Flight Research Center 

National Aeronautics and Space Administration 
Edwards, California 93523 
March 4, 1981 


12 



REFERENCES 


1. Whitcomb, Richard T. ; and Clark, Larry R. : An Airfoil Shape for Efficient 

Flight at Supercritical Mach Numbers. NASA TM X-1109, 1965. 

2. Whitcomb, Richard T. : Review of NASA Supercritical Airfoils. ICAS Paper 

No. 74-10, Internet. Council of the Aeronaut. Sci., Aug. 1974. 

3. Supercritical Wing Technology - A Progress Report on Flight Evaluations. 

NASA SP-301, 1972. 

4. Ayers, Theodore G. : Supercritical Aerodynamics. Astronaut. & Aeronaut., 

vol. 10, no. 8, Aug. 1972, pp. 32-36. 

5. Blackwell, James A., Jr.: Preliminary Study of Effects of Reynolds Number 

and Boundary- Layer Transition Location on Shock-Induced Separation. 

NASA TN D-5003, 1969. 

6. Ayers, Theodore G. : Effect of Wing-Transition Location and Slotted and 

Unslotted Flaps on Aerodynamic Characteristics of a Fighter Model at 
High Subsonic Speeds. NASA TM X-1849, 1969. 

7. Langley, Ames, Lewis, and Flight Research Center Support of DOD VFAX/FX 

Projects: A Progress Report. NASA SP-178, 1968. 

8. Ayers, Theodore G. : A Wind-Tunnel Investigation of the Application of 

the NASA Supercritical Airfoil to a Variable-Wing- Sweep Fighter Airplane. 
NASA TM X-2759, 1973. 

9. Hallissy, James B. ; and Ayers, Theodore G. : Transonic Wind-Tunnel 

Investigation of the Maneuver Potential of the NASA Supercritical 
Wing Concept - Phase I. NASA TM X-3534, 1977. 


13 




Basic wing (airplane geometry) 




Unslotted cruise flap, = 4° 



Unslotted cruise flap, 6j|. = 8° 



Figure 1. F-111 model wing details. 
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Figure 3. Effect of cruise flaps on longitudinal aerodynamic characteristics of model 
M = 0.79, A = 26°, 6 ^ = 0° . 



Figure 4. 1/24-scale F-111 wind-tunnel model. 



Flap 

hinge 

line 



Supercritical, 6^,. = 0“ Supercritical, 6^^. = -5“ 


Figure 5. Airfoil shapes for exploratory investigation. 


NACA64A-2XX 

Supercritical, = 0° 

NACA64A-4XX 

Supercritical, = 5° 




Figure 6. Effect of airfoil geometry on longitudinal aerodynamic 
characteristics. M = 0.85, A = 26°, 5^ = 0°. 
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Airfoil 

NACA64A-2XX 

Supercritical, 6j|. = 0° 

NACA 64A-4XX 

Supercritical, 6^^. = 5° 



Figure 8. Effect of airfoil geometry on trimmed cruise 
drag characteristics. A = 26°, C, = 0.50. 

JL 
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NACA64A-2XX 

Supercritical, 6^^. = 0° 

NACA 64A-4XX 



(a) M = 1.20. 


Figure 10. Effect of airfoil geometry on 
supersonic aerodynamic characteristics . 
A = 72.5°, horizontal tail off. 
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0.536 

26 

Maneuver 
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(a) Design criteria. 


Leading-edge extension fixed 
by stability because of forward 
aerodynamic center movement 


Allowable span variations 
fixed by pivot/box moments 



Leading-edge extension 
at root fixed by 
glove fairing 


Trailing-edge position fixed 
by rear fuselage structure 
and horizontal tail 


(b) Wing design. 

Figure 11. TACT wing design approach. 












Figure 15. Comparison ofF-111 and TACT drag-divergence 
Mach numbers . A = 26°. 



.60 .65 .70 .75 .80 .85 .90 .40 .60 .80 1.00 
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(a) Cruise drag. (b) Cruise aerodynamics 

Figure 16. Comparison ofF-111 and TACT cruise 
characteristics . A = 26° , d, = 0° . 
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(a) Incremental stores drag. 



Wing station 237.7 cm 
(93.6 in.) 


(b) Store location. 

Figure 17. Effect of external stores on TACT drag characteristics 
A = 26°, 6 .. = 0°. C, = 0.535. 









Figure 20. Comparison of sea level dash drag. 6, = 0°, C, = ( 

n. Ld 




trimmed 



M 


(a) Trimmed. 

Figure 21. Comparison of supersonic drag characteristics 
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